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We examine an effective field theory inspired by Little Flavor that demonstrates a new paradigm
for generating quark and lepton masses in which the scale of new flavor physics can be at the
few TeV level, and new Z′ and W ′ bosons are predicted. The model possesses an approximate
U(2)2 vector symmetry, not the full approximate U(2)5 chiral symmetry of the Standard Model or
Minimal Flavor Violation models, yet flavor changing neutral currents are sufficiently suppressed.
Additionally, lepton flavor violating processes, such as µ→ 3e, lie naturally just below experimental
bounds and the down quark mass can be radiatively generated.
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I. INTRODUCTION
The origin of flavor in the Standard Model (SM) re-
mains one of the great mysteries of particle physics.
While patterns seem to exist in the quark masses and
mixings, they have not led to any particularly convincing
models for flavor. Furthermore, the absence of observed
electric dipole moments, highly suppressed rare decays,
such as µ→ 3e, and the small neutrino masses all provide
circumstantial evidence that the next new physics may
lie at extremely short distance scales, out of the reach of
collider experiments, and quite possibly precision exper-
iments. However, the large suppression of flavor chang-
ing neutral currents (FCNC) sends a more ambiguous
message. It can certainly be explained by a dearth of
new physics until high energy scales, but it could also be
compatible with experimentally accessible physics pro-
vided there is some approximate symmetry that ensures
that neutral currents are approximately flavor-diagonal
in the mass eigenstate basis. As this is exactly what sup-
presses FCNC in the SM, such a possibility may not be
far-fetched.
The operative symmetry in the SM and in some mod-
els of physics beyond the SM, such Minimal Flavor Vi-
olation (MFV) models, is an approximate chiral U(2)5
symmetry acting on the lightest two families of quarks
and leptons. An interesting alternative, which occurs in
Extended Technicolor and some supersymmetric models,
is a much smaller vector U(2) symmetry acting on the
lightest two families of quarks and another U(2) acting
on the leptons. Models with a vector U(2) are more inter-
esting phenomenologically as they typically allow for ob-
servable rare lepton decays, suppressed by the square of
the muon mass, not by the much smaller neutrino masses.
Such a vector symmetry does not by itself completely ac-
count for the smallness of FCNCs and an additional sup-
pression mechanism must be present. In this Letter we
summarize how these symmetries are implemented, and,
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using effective field theory (EFT) techniques, show how
a new paradigm for beyond the SM physics based on Lit-
tle Flavor [1] provides a viable realization of approximate
U(2)2 flavor symmetry.
II. SYMMETRIES AND FCNC
The U(2)5 approximate flavor symmetry of the SM
corresponds to independent rotations between first- and
second-family fermions in the five different SM represen-
tations q, `, uc, dc, ec. Restricting our analysis to a two-
family version of the SM, this symmetry is broken by the
Yukawa matrices which act as spurions transforming as
Yu,d → UqYu,dU†u,d , Ye → U`YeU†e . (1)
with Ui being U(2) matrices. The ∆S = 2 operator giv-
ing rise to M12 in the kaon system comes from a one-loop
diagram; working in the mass basis of the down quarks,
Yd is diagonal and the operator must, by symmetry, be
proportional to
(
YuY
†
u
)2
12
/16pi2GF (dLγ
µsL)
2. However,
quarks become massless in the zero Yu,d limit and so the
operator need not be analytic in Y . In fact the box dia-
gram has IR singularities in that limit, and thus the pref-
actor is actually of the form (YuY
†
u )
2
12/(16pi
2TrYuY
†
u ).
The dominant breaking of U(2)3 symmetry in the quark
sector is due to the charm mass, and so the SM result
is M12 ∝ G2F sin2 θcm2c , where θc is the Cabbibo angle.
In the realistic three family case the operative symme-
try is still an approximate U(2)5 and not U(3)5, as the
top is heavy but with small coupling to the first two
families. Therefore, two additional doublet spurions ac-
count for the coupling of the third family to the first two,
namely T = λt {V ∗td, V ∗ts} and B = {λuVub, λcVcb}, where
λi are quark Yukawa couplings. This contribution to M12
is proportional to
(T †T + B†B)
12
, which determines K
but is not the dominant contribution to ∆MK .
In Minimal Flavor Violation, one assumes that there
are no new sources of flavor violation besides the SM
Yukawa couplings and that the effective theory also obeys
an U(2)5 symmetry [2, 3]. The contributions to ∆S = 2
processes from new physics at scale Λ is proportional
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2to (YuY
†
u )
2
12/Λ
2. With two families, (YuY
†
u )
2
12/Λ
2 =
m4cθ
2
c/Λ, which sets the bound Λ & O(10 GeV). With
three families, the largest contribution is λ4tV
∗2
td V
2
ts/Λ
2,
which gives the much higher bound Λ ≥ O(5 TeV). The
MFV paradigm also gives bounds from rare lepton de-
cays, once neutrino masses are introduced. For Dirac
neutrinos, rare lepton decays are suppressed by at least
two powers of the neutrino Yukawa coupling, in complete
analogy with the quark sector. For masses generated via
a seesaw mechanism, rare lepton decays are only observ-
able if the scale of lepton number violation is vastly dif-
ferent than the scale of lepton flavor violation [4].
In Extended Technicolor (ETC), the approximate fam-
ily symmetry is reduced to a vector-like U(2) in the quark
sector. This symmetry is gauged in order to generate SM
fermion masses via radiative corrections. The mass of
the fermions is given by mq = g
2
ETC〈FF 〉/2METC where
〈FF 〉 is the condensate of the technifermions and METC
is the mass of the gauge bosons that link SM fermions
to technifermions. The gauged U(2) also gives rise to
tree level FCNC four-quark operators proportional to
cos2 θ g2ETC/M
2
ETC , where θ is some mixing angle and
METC is the mass of the gauge bosons that only mediate
between SM fermions. Whereas the exact relative size of
METC and METC depends on the details of ETC sym-
metry breaking, they will be on the same order1, which
implies that the coefficient of the ∆S = 2 operator can be
no smaller than cos2 θmc/〈FF 〉. For small θ, this is three
orders of magnitude too large, and the theory requires an
extra suppression mechanism, such as “walking” [5].
In supersymmetric models, the vector U(2) violating
spurions that give rise the the SM quark masses also gen-
erate the squark mass differences, though not the flavor
universal squark mass, mq˜ [6–9]. Working in the mass ba-
sis of the down quarks, the U(2) symmetry constrains the
SUSY contribution to M12 to be (V δ
2
q˜V
†)(Uδ2q˜U
†)/m6q˜,
where δ2q˜ is the mass squared difference for first two fam-
ilies of squarks and V,U are superfield rotation matrices
that diagonalize the mass squared and trilinear terms.
V,U and δ2q˜ are related to the spurions that generate
the SM quark masses, and one finds the constraint of
mq˜ & 2.5 TeV [10, 11] is adequate to supply the needed
suppression.
Here we present an alternative method of introducing
an approximate U(2) horizontal symmetry that allows
for FCNCs to be compatible with new TeV physics. It
is based on a low energy effective description of Little
Flavor [1] and its novel feature is U(2) flavor violating
spurions with additional transformation properties un-
der a nonlinearly realized symmetry of the Higgs sec-
1 In a weakly coupled theory, group theoretic considerations allow
for METC  METC but not the reverse, since the generators
associated with gauge bosons of mass METC can form a closed
algebra, while those associated with METC cannot. Strong inter-
actions have been invoked in Walking Technicolor [5] to give rise
to METC METC , reconciling ETC with FCNC constraints.
tor. This setup allows for sufficiently suppressed FCNCs
while also protecting the Higgs mass from large quadratic
divergence, via the Composite Higgs [12–15] and Little
Higgs mechanisms [16]. Note that the Little Higgs can-
cellations are incomplete in the effective theory consid-
ered here, where heavy fermions have been integrated
out. The model predicts rare leptonic decays that are
suppressed by charged lepton masses, rather than the
much smaller neutrino masses, and therefore potentially
observable.
III. TWO FAMILIES OF QUARKS
Consider a model with the following content: two fam-
ilies of SM quarks qiL, u
i
R, d
i
R, i = 1, 2, and a 4×4 unitary
nonlinear sigma field Σ which contains two composite
Higgs doublets Hu,d as well as other pseudo Goldstone
bosons. The theory has an approximate global symmetry
Gglobal = [SU(2)L × SU(2)R × U(1)B−L × U(2)f ]
× [SU(4)L × SU(4)R] (2)
where the subgroup in the first bracket acts on the
quarks, U(2)f is a horizontal family symmetry, and the
group in the second bracket acts on the Σ field. We
will ignore color and the anomalous U(1)A symmetry,
which play no role in this model. We gauge a Ga × Gb
subgroup of this global symmetry, where Ga,b are inde-
pendent SU(2) × U(1) groups embedded in the global
symmetry as
SU(2)a ⊂ SU(2)L × SU(4)L ,
U(1)a ⊂ SU(2)R × U(1)B−L × SU(4)L ,
SU(2)b × U(1)b ⊂ SU(4)R (3)
The quarks have the usual SM quantum numbers under
SU(2)a × U(1)a
qiL = 2 16 , u
i
R = 1 23 , d
i
R = 1− 13 , (4)
and are neutral under SU(2)b × U(1)b. The gauge gen-
erators act on the Σ field as δΣ = iXaΣ− iΣXb. Denot-
ing the four X generators as {gT i, g′Y } for both gauge
groups, their representations on the Σ field are given by
T i = 12
(
σi
0
)
, Y = 12
(
0
σ3
)
. (5)
The X generators act as spurions breaking the global
symmetry, with Xa transforming as (adjoint× 1)⊕ (1×
adjoint) under the [SU(2)L × SU(2)R]×SU(4)L symme-
try, and Xb transforming as the adjoint under SU(4)R.
Before the introduction of additional spurions, the EFT
is quite simple: the usual gauged chiral Lagrangian for
Σ, quark kinetic terms, and fermion-meson interactions,
which are O(α), that are required as counterterms. The
chiral Lagrangian is characterized by decay constant f
and cutoff Λ ∼ 4pif ; we will take f & 1.5 TeV.
If 〈Σ〉 = 1, the [SU(2)× U(1)]2 gauge symmetry is
spontaneously broken to the diagonal group SU(2) ×
3SU(2)L SU(2)R U(2)f SU(4)L SU(4)R
YL 2 1 1 4 1
YR 1 2 1 4 1
∆ 1 1 1⊕ 3 1 15
 1 1 1⊕ 3 10 1
TABLE I. Transformation properties of spurions under the
global approximate symmetry, where YL,R are given in eq. (9)
and  in eq. (21).
U(1), which is identified with the SM gauge group. How-
ever we will assume the Composite Higgs paradigm that
the vacuum misaligns and prefers the less symmetric
ground state
〈Σ〉 =
 cu sucd sd−su cu
−sd cd
 ci = cos vif
si = sin
vi
f
(6)
which breaks the SM gauge group in the conventional
way for a two Higgs doublet model; vi are the vevs of
two Higgs doublets. The SM gauge couplings g, g′ are
related to the Ga × Gb couplings by
ga =
g
cos γ2
, g′a =
g′
cos γ1
, gb =
g
sin γ2
, g′b =
g′
sin γ1
(7)
and the exotic gauge bosons have TeV scales masses
MZ′ = MW ′ = gf csc 2γ2 MZ′′ = g
′f csc 2γ1 (8)
with freedom to set the angles γ1,2. We will constrain
the gauge bosons masses once we add leptons.
Up to this point quark masses cannot be generated,
even with SU(2)×U(1) breaking, as the quarks and Higgs
transform under independent symmetries. We now as-
sume additional particles that couple to the quark and Σ
fields, such as the heavy fermions of Ref. [1], have been
integrated out at a scale M < Λ. This introduces ad-
ditional spurions YL,R into the theory, which transform
as shown in Table I. These spurions take the form of
rectangular 4× 2 matrices both transforming on the left
by SU(4)L of the Higgs sector, and on right by either
SU(2)L (YL) or SU(2)R (YR) of the quark sector:
YL =
yq 00 yq0 0
0 0
 , YR =
 0 00 0yu 0
0 yd
 , (9)
where y < M/Λ < 1. M also has to be larger than the
heaviest bosons and so we take M = O(5 TeV). At tree
level, matching operators proportional to y2Λ2/M2 will
be induced in the EFT below the scale M . In operators
proportional to y2, derivatives appear in the ratioD/M 2.
2 Radiative corrections within the EFT below M do not yield
higher powers of Λ/M , since the cutoff in this theory is M and
the scale Λ only appears in inverse powers as 1/Λ ∼ 1/4pif .
To simplify the analysis, we assume y M/Λ and work
to quadratic order in y; without this assumption, the
bounds on the model are much less straightforward and
thus we will leave it for a later paper. Assume first that
the heavy particles all have a universal mass M , invariant
under SU(4)b × U(2)f . By writing the RH quark fields
as a doublet, qR = {uR, dR}, we can now add to the EFT
the operators
Ly2 = Λ
2
M2
[
qLY†LΣ /DΣ†YL qL + L↔ R
]
(10)
plus operators with two or more derivatives. For clar-
ity, here and throughout, we neglect to write the O(1)
model-dependent Wilson coefficients. This term contains
new couplings of the quarks to SM and exotic gauge
bosons. These new couplings between quarks and SM
gauge bosons result in non-canonical kinetic terms and
will require a finite wavefunction renormalization.
The lowest dimension operator that couples qL to
qR requires at least two derivatives and is of the form
qLY†L(ΣD2Σ†)YRqR. Hence, despite the fact that Σ
breaks the weak interactions, there are no quark mass
terms at O(y2). The necessity of SU(4)b violation to
generate fermion masses is the essence of the Little Fla-
vor mechanism. The leading contributions appear at
O(y2αb/4pi) and give a U(2)f invariant common mass
to the quarks:
Ly2αb =
Λ2
M
αib
4pi
qLY†L
(
ΣXibX
i
bΣ
†)YR qR + h.c. (11)
where i is summed over 0, . . . , 3 with i = 0 corresponding
to the U(1)b and i = 1, 2, 3 corresponding to SU(2)b.
Before analyzing the size of this mass term, let us first
discuss the generation of nondegenerate masses. We drop
the assumption that the heavy particles have an universal
mass M , and replace M →M(1−∆) everywhere with
∆ =
δu + δd δu + δd δd − 3δu
δu − 3δd
 (12)
where SU(4)R space is shown, and δu,d are two inde-
pendent matrices in the flavor U(2)f space. We treat ∆
as a small spurion transforming as in Table I. Since it
transforms nontrivially under SU(4)R it is now possible
to construct mass terms at O(yLyR∆) of the form
Ly2∆ = Λ
2
M
qLY†LΣ∆Σ†YR qR + h.c. (13)
The up-type quark mass matrix is then given by the sum
of terms
Mu = −vu ηqηuM
f
(
3αb − α′b
16pi
+ 4δu
)
(14)
where ηi ≡ yiΛ/M and the sign of ∆ determines the
relative sign between the two contributions. The down-
type quark mass matrix is the same with subscripts u, d
4interchanged. To avoid fine tuning, the maximal size of
the universal O(y2αb/4pi) term should be O(mu). There-
fore, the charm mass arises mainly from the δu term, as
mc  mu, and so one of the eigenvalues of 4ηqηuMδu/f
must be λc. Since ∆ has to be perturbative (3δu,d < 1),
γ1,2 are bounded via
1
3
& λc
λu
3αb − α′b
64pi
. (15)
This bound is easier to satisfy in the down sector than
in the up sector, as the amount of fine tuning is deter-
mined by the mass splitting. By having the two contri-
butions partially cancel each other in the up sector, we
can account for the physical up quark mass at the cost
of moderate fine tuning.
Introducing ∆ into single derivative operators,
Ly2∆D = Λ
2
M2
qLY†LΣ∆ /DΣ†YL qL + L↔ R+ h.c.(16)
leads to flavor off-diagonal couplings for the exotic gauge
bosons. Focusing on the neutral ∆S = 1 currents, to
leading order in (v/f)2 these have the form
L∆S=1 = η
2
dMZ′′
f
dR /Z
′′ [
R†d (δu − 3δd)Rd
]
12
sR
+
η2qMZ′
f
dL /Z
′ [
L†d (δu + δd)Ld
]
12
sL + h.c. (17)
We can then bound the ∆S = 2 currents from above
L∆S=2 .
η2qλ
2
c
4η2uM
2
[(
dLγµsL
)2
+
η4d
η4q
(
dRγµsR
)2]
(18)
where the bound is saturated when assuming all relevant
mixing angles are O(1). If we also assume ηq ∼ ηu,d, then
we require M & 10 TeV.
IV. ADDING LEPTONS
Dirac neutrino masses are generated in the same way
as quark masses. This allows us to constrain these mod-
els with respect to Z ′ phenomenology and rare leptonic
decays. The universal O(αb) lepton mass can be made
small without any fine-tuning, unlike in the quark sector,
as the mass ratio µ/e is significantly smaller than c/u.
To estimate the bounds on the MZ′ and MZ′′ , we
rescale the bounds on Z ′SSM [17], where the Sequential
Standard Model (SSM) assumes that the Z ′SSM has the
same gauge coupling at the SM Z boson. For η`,ν,e  1
the Z ′ and Z ′′ couplings are g tan γ2T3 and g′ tan γ1Q,
respectively, where T3 is the neutral gauge generator of
the SM SU(2) and Q is the electric charge generator.
Taking f = 1.5 TeV, the mass bounds are
MZ′ & 2.0 TeV MZ′′ & 1.6 TeV γ1,2 ≤ pi
4
(19)
For rare lepton decays, the neutral currents that change
lepton flavor are completely analogous to the ∆F = 1
currents in the quark sector. The branching fraction, B,
for µ→ 3e can be bounded from above by:
Bµ→3e .
λ2µ
2G2F f
2M2
(
45η2e sin
4 γ1
η2l
+
η2l sin
4 γ2
η2e
)
(20)
where the bound is saturated for O(1) mixing angles and
we assume the neutrino contribution is negligible. For
γ1,2 that saturate the bounds on MZ′ and MZ′′ and M ∼
5 TeV the branching ratio is a tenth of the experimental
bound, if ηl ∼ ηe. It is worth noting that the large mass
scale M in the lepton sector should be on the same order
as the mass scale in the quark sector.
It is interesting to consider Majorana neutrinos instead
of Dirac and implement a seesaw mechanism. There is a
Majorana mass term at O(y2∆2) of the form
Ly2∆2 = Λ
3
M2
[(
Σ∆Σ†
)YL`]T  [(Σ∆Σ†)YL`]+ h.c. ,
 =
Λ
MN
0 0 0 00 0 0 00 0 δν 0
0 0 0 0
 (21)
where  is a new ∆L = 2 spurion transforming as in Ta-
ble I and MN is the large Majorana mass. There are
additional contributions with ∆ replaced by gauge gen-
erators. The analysis of a model with Majorana neu-
trinos is more complicated and we leave it for a future
paper, along with a full treatment of three families and
CP violation. Majorana neutrinos were also the subject
of Ref. [18].
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